creased deoxyHb levels (Frostig et al., 1990; Hu et al., 1997; and others). In these studies, the initial negative response was followed by a prolonged positive response. The present work studies a different phenomenon, a sustained tonic negative response that is followed a reduction in neuronal activity, which causes an actively
Figure 1. NBR in the Human Occipital Cortex
(A) BOLD response to visual stimulation with flickering checkers at eccentricities of 7Њ-15Њ. A blank gray image was presented during the control periods, with luminance equal to the mean luminance of the checkers. Two parasagittal slices in occipital cortex were imaged next to the midline, using a gradient echo-echo planar imaging sequence (GE-EPI), four segments, resolution 1 ϫ 1 ϫ 3 mm, TR ϭ 300 ms (1.2 s/volume), and TE ϭ 20 ms. Regions presenting negative response were detected; here, anterior and dorsal to the focus of the PBR. The redyellow and the blue-cyan color bars represent positive and negative XCorr values, respectively. "S1" stands for "subject 1." controlled reduction in CBF. Moreover, either in the case counterphasing checkers. We report a robust sustained NBR in the human occipital cortex, adjacent to regions that the negative BOLD results from "blood steal" or from decreased neuronal activity, the NBR must be couthat exhibit PBR. The NBR depends on the stimulus used and thus on the spatial pattern of neuronal activity. pled to the PBR. However, whether the negative and positive BOLD responses are coupled or independent
We further demonstrate close coupling between the negative and the positive responses. We show that the of each other is not known. Revealing the answers to these open questions is crucial for the interpretation of NBR is caused by a reduction in CBF and is associated with decreases in CMRO 2 . Our findings support the conall studies that utilize the hemodynamic signal as a tool for brain imaging.
tribution to the NBR of (1) a significant component of decreased neuronal activity and (2) possibly a compoTo address these questions, we conducted an fMRI study based on BOLD and CBF signals at 7 Tesla. The nent of hemodynamic changes independent of the local changes in neuronal activity. subjects were stimulated in part of the visual field with
Results
To detect and characterize an instance of the NBR, subjects were visually stimulated with iso-eccentricity rings composed of flickering checkers. In all subjects, NBR was detected in addition to the expected PBR. Figure 1A depicts the pattern of negative and positive responses obtained from one subject during a single scan. In response to stimulation at eccentricities 7Њ-15Њ, PBR was observed to form a strip-like pattern across the occipital cortex approximately orthogonal to the calcarine sulcus, as expected from retinotopic mapping. Regions demonstrating NBR were detected as well, mostly anterior and dorsal to the focus of PBR, in regions corresponding anatomically to V1, V2, and V3. The negatively responding regions were clustered, indicating that the NBR was not due to high spatial frequency noise. Spatially, the NBR was segregated from but adjacent to the foci of PBR. The distance between the foci of the negative and positive response ranged from as close as 1-2 mm to 25 mm. Figure 1B presents the time course of the negatively and positively responding regions (from Figure 1A) obtained from a single scan. During stimulus presentation, the NBR signal (blue curve) dropped relative to the baseline obtained during the first 12 s of the scan. With every presentation of the stimulus, the signal sampled from the negatively responding regions demonstrated an NBR, followed by a return to baseline. The high degree of temporal reproducibility suggested that there would be a high degree of spatial reproducibility. Figure 1C depicts the spatial reproducibility obtained from single the threshold) response in the test showed a negative response in the re-test (and vice versa). A strong linear trend was seen in both the negative and the positive that the NBR tends to appear preferentially in gray matdomains, indicating a high degree of spatial reproducter and sulci. ibility in the NBR (and PBR).
To test whether the NBR depends on the stimulus In light of the robust temporal and spatial reproducibilused, we repeated the experiment using two different ity, we ruled out the possibility that the NBR arose from eccentricities for stimulation. Figure 3A depicts the patcorrelated noise or head motion. We also ruled out the tern of BOLD response to stimulation close to the center possibility of an EPI phase encoding artifact, as the of the visual field (eccentricity 2Њ-3Њ). Note the large negatively responding regions did not appear as a cluster of exclusive NBR within the region of interest shifted ghost of the PBR. Similar results were obtained (ROI) delineated by the green curves. The response patfrom two other subjects, using the same imaging paramtern presented in Figure 3B was obtained from the same eters and stimulation paradigm. We thus concluded that slices using stimulation at eccentricities of 14Њ-18Њ. With the NBR in occipital cortex is a robust, reproducible, this peripheral stimulation, only positively responding and nonartifactual phenomenon. voxels were detected within the ROI. Figure 3C illusTo test possible specificity of the NBR to certain tissue trates the time courses obtained from the ROI during compartments, we first delineated the white matter (Figstimulation at the central eccentricities (blue curve) and ure 2A). The resulting curves were then superimposed the more peripheral eccentricities (red curve). The reon the activity maps ( Figure 2B ). Note the tendency sults presented in Figure 3 indicate that a volume in the of the negatively responding voxels to avoid the white brain invariably responding positively to one stimulus matter and to focus on the gray matter and its neighcan also show invariably negative responses to another. boring sulci. The positively responding voxels demonThus, we concluded that the spatial pattern of the NBR strated a similar preference that is not as obvious here, depends on the spatial pattern of neuronal activity. due to the relatively low threshold used for the XCorr To evaluate the time course of the NBR, we compared analysis. The tendency of the NBR to avoid the white matter can also be seen in Figure 3 . We thus concluded it to the time course of the PBR. Figures 4A and 4B demonstrate time courses obtained from two different respect to onset time, time to peak, and undershoot (PBR) and overshoot (NBR) phases. subjects. The plots in the left column were obtained using XCorr analysis. The time course of the NBR was For a comprehensive comparison of the time courses of the two responses, we repeated the model-free clussimilar to that of the PBR but with smaller amplitude. The mean ratio of NBR to PBR amplitudes was 0.64 Ϯ ter analysis in three more subjects. We then fitted Gamma functions separately to the negative and posi-0.22 (mean Ϯ SD, n ϭ 5; Figure 4C ). Note (in Figures 4A  and 4B , left column) the poststimulation overshoot of the tive time courses obtained from each subject. Figure  4D presents the onset time, time to peak, and timing negative response, approximately in the same temporal phase as that of the undershoot corresponding to the of the falling edge of the negative versus the positive responses, as obtained from the fitted functions. No positive response.
For a model-free comparison of the time courses, significant difference was seen between the NBR and PBR with respect to the timing of the rising edges (differwe used a clustering algorithm of self-organizing maps based solely on similarities in the time courses of difference in onset time: Ϫ0.16 Ϯ 0.57 s; difference in time to peak: Ϫ0.24 Ϯ 0.86 s; mean Ϯ SD, n ϭ 5). Across all ent voxels (Ngan et al., 2002 ). The middle column shows the normalized prototype time courses of the two largest five subjects, the falling edge of the negative response consistently preceded that of the positive one (differclusters. The red curve stands for the prototype of the largest cluster, corresponding to the positively reence in timing of falling edge: Ϫ1.36 Ϯ 0.61 s; p Ͻ 0.008, paired two tailed t test). sponding voxels. The blue curve represents the prototype of the second largest cluster, corresponding to the Based on the similarities in the time courses of the two responses, we made two hypotheses. First, we hynegatively responding voxels. The two prototypes were similar with respect to onset time, time to peak, and pothesized that the negative and positive responses are coupled. Second, we hypothesized that the mechathe temporal characteristics of the undershoot (positive prototype) and overshoot (negative prototype). The right nisms that cause the changes in BOLD signal in terms of CBF, CBV, and oxygenation are similar for both recolumn presents the normalized time courses obtained by XCorr using the prototypes from the cluster analysis sponses, though opposite in sign. The rest of this section will describe the experiments we performed to address as models. The falling edge of the positive response lagged slightly behind that of the negative response. these hypotheses.
To check for a possible coupling between the negative The negative and positive time courses were similar with The middle column shows the normalized prototype time courses of the two largest clusters obtained using a clustering algorithm. The red/blue curve stands for the prototype of the largest/ second largest cluster, corresponding to the PBR/NBR, respectively. To normalize a prototype, the mean of its two first values (corresponding to the 0.8 s following stimulus onset) was subtracted from the whole prototype. Subsequently, the values of the prototype were divided by the value of its maximum/minimum for the positive/negative prototype, respectively. Note the similarity of the two prototypes. The right column represents the normalized time courses obtained by XCorr using the prototypes obtained from the cluster analysis as models. The portions of the prototypes from onset of stimulation until they returned to baseline were installed in a model function that was otherwise equal to zero. The negative and positive prototypes were used separately to create two separate model functions for detecting the NBR and PBR, respectively. These models were then used for XCorr analysis. The average time courses were normalized in a manner identical to that described for the prototypes. The negative and positive time courses were similar with respect to onset time, time to peak, and the temporal phase of the overshoot (NBR) and undershoot (PBR) but differed in the timing of the falling edge. Imaging parameters: GE-EPI, two segments, resolution 1 ϫ 1 ϫ 3 mm, TR ϭ 200 ms (0.4 s/volume), TE ϭ 20 ms. (C) Amplitude of the NBR versus that of the PBR. The amplitudes were computed using the time courses obtained by the XCorr with the individual prototype models. The mean signal from 0.8 s following the onset of the stimulus until the return of the signal to baseline is plotted for the data from five subjects to which cluster analysis was applied. (D) Comparison of the time courses of the NBR and PBR using the data from the same five subjects. Gamma functions were fitted separately to the negative and positive time courses obtained using the XCorr with the individual prototype models. The time (relative to the stimulus onset) of onset, peak, and falling edge within the NBR is plotted against the corresponding time within the PBR. Onset time and time to peak were defined as the time at which the rising edge of the fitted Gamma function reached 5% and 95% of its maximum, respectively. The timing of the falling edge was defined as the time at which the falling edge reached 50% of the maximum value of the fitted function. The two responses were similar with respect to onset and time to peak. The falling edge within the NBR preceded that of the PBR. and positive responses, different luminance contrasts demonstrates the time courses of the NBR and PBR obtained from the different stimulus contrasts. These were used. Figure 5A shows the activity patterns as a function of increasing stimulus contrast. The volume time courses were sampled from an ROI based on a combination of the patterns presented in Figure 5A Figure 7D and Table 1 present the amplitudes of the edges of all the PBRs matched, demonstrating the relianegative and positive BOLD and CBF responses. We bility of the data. Similarly, all the rising edges of the attribute the relatively small amplitudes in the BOLD NBRs were temporally aligned. As expected, the falling domain compared to those described in Figure 4 to edges of the positive responses corresponded to the partial volume effects due to the lower spatial resolution stimulation duration. Consistent with the concept of used here (Pfeuffer et al., 2002a) . Figure 7D presents coupling between the negative and the positive rethe voxel-wise amplitudes of the NBR and the negative sponses, the falling edge of the negative response was CBF response in individual subjects and the mean of temporally correlated with that of the positive response, the corresponding amplitudes from the positive domain. regardless of stimulation duration.
The amplitude of the NBR was correlated with that of Figure 6A depicts the cross-subject average of the the negative CBF response (Table 1, 
Coupling of the Negative and Positive BOLD Responses
The coupling between the NBR and PBR (Figures 4-6) suggests that the negative BOLD has either (1) a neuronal or (2) a hemodynamic origin or a combination of both. By "neuronal origin" we refer to a suppression of the local neuronal activity and/or a reduction in the afferent input to the NBR regions that, in both cases, are induced by the increase of activity in the active regions. This decrease in activity might cause an active reduction in CBF to the NBR regions. By "hemodynamic origin" (also termed "vascular steal") we refer to either an active or passive reduction in CBF to the less demanding regions due to the increase in flow to the demanding areas, independent of the local changes in neuronal activity. Note that the coupling suggests causality here. In the case of neuronal origin, we attribute the effect of the decreased neuronal activity to the cause of the increase in activity in the activated regions. In the case of the hemodynamic origin, we attribute the effect of the decrease in flow to the less demanding areas to the cause of the increase in flow to the activated regions.
In describing the possible origins of the negative hemodynamic response above, we used the terms "active" or "passive" reduction in CBF. By active reduction in CBF, we refer to a decrease in CBF that takes place due to a possible control signal that causes contraction of the smooth muscles located next to bifurcations of arteries and arterioles. By passive reduction in CBF, we that of the CBF. Consistent with this conclusion, we found a decrease in the computed values of CMRO 2 that refer to a decrease in CBF that is not triggered by a control signal. Instead, such a decrease is the result of was smaller than the relative changes in CBF (Tables 1  and 2 ). an increase in the diameter of a neighboring artery/ arteriole and the dynamics of fluid flow in a network of pipes with differences in resistance. (Table 2) is evidence for decreased neuronal activity. This decreased neuronal activity could be CBF, CBV, and oxygenation) corresponding to the two responses are related. In the regions where negative triggered in two ways. We hypothesize that it is part of the neuronal response to the stimulus, e.g., decrease in BOLD was detected, the local deoxyHb content must have increased (Ogawa et al., 1993a) . This could be the activity induced by the increase in neuronal activity in the positively responding regions (see possible mecharesult of either (1) a reduction in arterial CBF accompanied with a commensurately smaller decrease in CMRO 2 , nisms below). An alternative explanation could pose that the decrease in CMRO 2 and neuronal activity is a secno change in CMRO 2 , or an increase in CMRO 2 or (2) an increase in CBF accompanied by a relatively larger ondary consequence of a reduction in CBF due to a hemodynamic origin (see above). This alternative explaincrease in CMRO 2 . Consistent with our hypothesis that the mechanisms nation, however, requires that the CBF be sufficiently reduced to become rate limiting to CMRO 2 , analogous behind the two responses are related, we found the NBR to be associated with a decrease in CBF (Figure 7) . This to the case of partial blood vessel occlusion (i.e., partial ischemia). This state would lead to higher nonoxidative finding is supported by Harel et al.'s (2002) observation of a decrease in CBV that colocalized with NBR in higher glucose consumption to maintain energy-consuming processes unperturbed or, if severe enough, lead to a visual areas of the anesthetized cat (although the patterns of cortical excitation and inhibition expected in reduction in these processes, including neurotransmission. This state would be characterized by suppressed their study differ from ours, because of their use of full field stimulation). Since the NBR was correlated with CBF and CMRO 2 but elevated glucose consumption due to the nonefficient nature of nonoxidative glucose medecreased CBF (Figure 7, Table 1 ), the possible range for the CMRO 2 is from a decrease that has to be compartabolism. To our knowledge, such a state has not been reported in the normal brain under physiological condiatively smaller than the reduction in CBF to any increase in CMRO 2 . The option of an increase in CMRO 2 does tions. In addition, small decreases in CBF can be compensated for by a small increase in the OEF to maintain not exist in the paradigm we used. Since the areas that exhibited the NBR are organized in a retinotopic manner, a constant CMRO 2 prior to the onset of an ischemic regime (Baron, 2001 ). While we cannot rule out the dethe stimulation of only a portion of the visual field causes increased neuronal activity in limited parts of these arscribed ischemia-like state, we consider it unlikely for the reasons described above. Thus, we interpret the eas. The PBR was indeed observed to be constrained to locations expected from previous retinotopic studies reduction in CMRO 2 as evidence for a decrease in neuronal activity that triggers a reduction in CBF, rather than (Sereno et al., 1995) . Similar neurophysiological experiments in animals (Hubel and Wiesel, 1962) (2) the opposite effects of CMRO 2 and CBF on the BOLD Several possible mechanisms could account for the intensity. In PBR regions, the decaying CBF pulls the suggested reduction in neuronal activity. First, it could BOLD signal toward the baseline value, but the faster be due to the "lateral" or "surround" suppression dedecay of CMRO 2 pushes it to values above the baseline, scribed in previous physiological studies both within resulting in BOLD decay at a slower rate compared to striate and extrastriate cortex ( ., 1998) , we hypothesize that the dewas not statistically significant). This difference is concrease in CBV persists beyond the termination of the sistent with a component of the reduction in CBF that stimulus, while CBF and CMRO 2 return to baseline more is independent of the decrease in CMRO 2 and of the rapidly. A persisting CBV decrease alone would be assolocal changes in neuronal activity. Rather, this compociated with an increase in the BOLD response (Ogawa nent could be of a hemodynamic origin. It is physiologiet al., 1993a). Thus, a slow normalization in the CBV cally conceivable, however, to have a different relationdomain relative to that of the CBF and CMRO 2 is a ship between %⌬CMRO 2 and %⌬CBF associated with plausible mechanism for the poststimulus overshoot asthe NBR versus the PBR. Thus, the (nonsignificant) difsociated with the NBR. ference between the ratios indicates that there is room for a contribution to the NBR in addition to that associGeneralization to Lower Magnetic Fields ated with the decreases in CMRO 2 rather than proving
Association of Reduction in Neuronal Activity with the Negative BOLD Response Since energy consumption in the brain is dominated by
The NBR and negative CBF responses as characterized here apply to fMRI measurements independent of the that such a contribution exists. Second, the falling edge voxel-wise temporal high-pass filtering was applied (frequencies with a cycle larger than half the length of the scan were filtered out). The image series were averaged across multiple scans from the Experimental Procedures same session with the same imaging parameters and stimulation paradigm wherever applicable. Last, a sensitivity mask was applied Subjects to discard voxels with poor EPI signal caused by the inhomogeneous Nine healthy subjects (four female, five male, aged 20-35 years) sensitivity profile of the surface coil. participated in this study, in 16 sessions. All subjects gave their informed consent to the experimental protocol, which was approved by the institutional review board at the University of Minnesota.
Data Analysis and Selection of Voxels
The image time series were processed using voxel-wise XCorr analysis (Bandettini et al., 1993) , using templates of the stimulation paraVisual Stimulation digm convolved with a model of the hemodynamic response (BoynVisual stimulation was presented via a rear projection system comton et al., 1996). A threshold was applied to the XCorr images, prising a video projector, mirrors, and a custom lens. A ring of highfollowed by the application of a minimal spatial cluster operator of contrast checkers flickering at 8 Hz was presented to the subjects at least four significantly responding voxels. The clustering was (see figure legends for the stimulated eccentricities). Other than the measured in 2D, with any of the eight immediate neighbors to a pixel checkers, the screen was a uniform gray field of luminance equal defined as contiguous. The minimal cluster operator was applied to the mean luminance of the checkers. The same luminance was separately for the NBR and PBR. Voxel-wise XCorr p values in the used in the blank gray image presented to the subjects during the range of 0.005-0.2 were corrected for multiple comparisons accontrol periods. Each scan started with a control period (30 s), cording to the cluster size threshold (Forman et al., 1995). typically followed by eight epochs of 16 s stimulus on and 21 s The procedure described above was applied in most parts of the stimulus off. For the entire scan, subjects were asked to fixate on paper. Special specific voxel selections were applied for the data a 0.4Њ wide point at the center of the screen. In 14 of the experiments, presented in Figures 3C and 5B-5E (see corresponding legends), to encourage fixation, subjects were instructed to detect and report . The lower limit for ␤ images from GE-EPI scans interleaved among the FAIR scans within in our study can be computed using the ratio extracted for the field the same session. Both the CBF and BOLD images were masked dependence of GE fMRI at 7 and 4 Tesla (␤ min ϭ log(2.13)/log(7/4) ϭ with the same mask, with the criteria of minimal sensitivity of the 1.35; see Table 1 , and (2) in the with negative computed baseline perfusion). Statistical maps of flow computation of ␤ min above, we ignored the intravascular contribution response were generated using XCorr analysis, and an XCorr threshto changes in R 2 *, which is more pronounced at 4T and tends to old (p Ͻ 0.05) was applied. The XCorr threshold for the BOLD redisappear at 7T due to the rapid decay of blood T 2 . sponse was adjusted such that the number of negatively activated Computation of %⌬CMRO 2 in the Negative Domain voxels matched the number of the negatively activated voxels in Once we set values for the calibration factor M and the parameters the perfusion map. Subsequently, an identical cluster size threshold ␣ and ␤, we applied equation (1) voxel-wise in the negative domain, was applied to the maps of CBF and BOLD response.
using the voxel values of %⌬CBF and %⌬BOLD. Because %⌬CMRO 2 was the only term that remained unknown, it could then Spatial Cluster Overlap be computed. Table 2 As expected (due to the approximately linear hypercapnia. In our calculation, calibration was not used, since we relationship close to the baseline), the results were almost indistincalculated the %⌬CMRO 2 in the NBR regions using the %⌬CMRO 2 guishable compared to those obtained using the original model. in the PBR regions as a reference. To calculate the subject-specific calibration factor M, we applied equation (1) to the positive domain, using the mean (across voxels) amplitude of the PBR and the mean
